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Abstract
Thermonuclear fusion reaction rates in the stellar plasma are enhanced by
the presence of the electron cloud that screens fusing nuclei. The present
work studies the influence of electron screening deformations on stellar reac-
tion rates in the framework of the Debye-Hu¨ckel model. These electron-ion
cloud deformations, assumed here to be static and axially symmetric, are
shown to influence the solar neutrino fluxes of the pp and the CNO chains.
Moreover, a strong magnetic eld is suggested as a plausible source of screen-
ing deformations in the sun and the corresponding (magnetized) screening
factor is analytically calculated. In such a non-standard solar model a eld
of B = 4:7  1010G accelerates the pp reaction by roughly 1:7% while the
standard solar model neutrino fluxes undergo a correction of  5% (N;O;B8)
and  2% (Be7), respectively. However, the connement of such a strong
magnetic eld to the solar energy production region remains as an inherent
weakness of this model.





As the quest for the solution to the solar neutrino puzzle continues, all the parameters as-
sociated with the production and detection of solar neutrinos are exhaustively investigated.
Naturally, stellar thermonuclear reactions have attracted a lot of attention in the nuclear
physics community since not only do they govern the evolutionary stages of a star but also
they can possibly hide the solution to the notorious discrepancy between theoretically and
experimentally calculated solar neutrino fluxes.
The eects of the electron-ion screening on stellar fusion cross sections has been ex-
tensively studied [1] [2] [3] [4], especially in relation to the solar neutrino puzzle. Various
screening prescriptions have been suggested, each of which has some inherent inadequacies.
Salpeter’s [1] weak screening formula can be safely used in the study of pp solar fusion re-
actions where the weak screening regime is obeyed, though a recent study showed [5] that,
for most practical purposes, it can reasonably be applied to other solar reactions as well.
On the other hand, the formula given by Mitler [3] is considered the most reliable as it
describes fairly well all the screening regimes, weak screening (WES) , intermediate (IS)
and strong screening (SS), though the assumption of a constant electron density around
the fusing nuclei is rather arbitrary.
As regards the solar neutrino puzzle, the prevalent belief is that, under the present
standard solar model (SSM), the screening eect is under control. However, various non-
standard solar models have been proposed, in an attempt to explain the discrepancy between
the theoretical and experimental neutrino fluxes. Some of them are plausible, while others
are exaggerated. Among those attempts, the existence of a primordial magnetic eld in
the solar interior has received relatively little attention, especially in connection with the
screening eect. This lack of interest stems from the disheartening fact that a large magnetic
eld (of the order of  109 Gauss) was shown [6] to increase the predicted event rate of the
Cl37 experiment by a factor of two. As the magnetic eld has the opposite eect from the one
that is desired, no further investigation has been made by the same author [7]. Admittedly,
some other studies appeared [8] which showed that a combination of dierential rotation
and strong magnetic elds in the sun can actually reduce the Cl37 signal but none of them
has been adapted as a component of the SSM. Nevertheless, as it will turn out in the study
that follows, a strong magnetic eld can influence the solar neutrino fluxes by accelerating
the fusion reactions that generate them.
It is well known that strong magnetic elds (B >> 109G) compress hydrogen atoms both
perpendicular and parallel to the eld direction. The magnetic eld ties the electrons to the
eld lines so that their response to a Coulomb attraction is essentially restricted to a one-
dimensional motion parallel to the eld. It is therefore plausible to assume that the presence
of such a eld would modify the screening eect of the electron cloud just as it happens on
the surface of neutron stars. Such screening deformations can be studied qualitatively by
means of the Debye-Hu¨ckel model. Actually, in the presence of a large magnetic eld the
Debye{Hu¨ckel radius which represents a spherical distribution of the electron cloud around
the nuclei will become orientation dependent. This eects causes, inevitably, reaction rates
and neutrino fluxes to be orientation dependent themselves. Moreover, a quantitative study
is also possible, by using a recently obtained [13] screening potential which has been used
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in the study of pp fusion reactions in a superstrong magnetic eld.
The purpose of this paper is to investigate the dependence of thermonuclear fusion
reaction rates on the deformations of the ionic-electron cloud that screens the reacting
nuclei and its possible consequences on solar neutrino fluxes. The layout of the paper is as
follows: In xII the Debye-Hu¨ckel potential is reviewed and the advantages and disadvantages
of its use in the study of solar nuclear reactions are discussed. In xIII the formalism for an
axially deformed screening cloud is established, underlining its eects on the pp reaction
rates and the associated pp neutrino fluxes. A quantitative study of strongly magnetized
pp solar reaction is given in xIV while in xV there is given a measure of the uncertainty of
the solar neutrino fluxes due to the presence of such a strong eld. Finally xVI summarizes
the main results of the present work.
II. ADVANTAGES AND DISADVANTAGES OF THE DEBYE-HU¨CKEL
POTENTIAL
In the stellar plasma gravitational compression and quantum mechanical tunneling com-
bine in order to achieve the classically impossible fusion between light nuclei. The electron
gas that surrounds the nuclei acts as a catalyst in the reaction, by lowering the repulsive
Coulomb barrier which prevents atomic nuclei from approaching each other.
In the framework of the Debye-Hu¨ckel model each nuclei is assumed to polarize its
neighborhood creating a spherically symmetric but inhomogeneously charged ionic cloud
around it. In this model, which is described in all plasma textbooks, the potential V (r) of
a given nucleus of charge Z1 is related to the charge density  (r) by the Poisson equation:








where the summation is carried over all particles except electrons. The quantity  (r)
accounts for nuclear charge deformations which are usually considered negligible.
By assuming statistical equilibrium the i−ion number density ni and the electron num-
ber density ne are related to their mean values by the Boltzmann’s formula:











where k; T; e; are the Boltzmann’s constant, the temperature and the electron charge re-
spectively. A measure of the stellar plasma response to Coulomb interactions is the plasma






where a is the mean interionic distance. Although the domains of the weak screening
(WES) , the intermediate screening (IMS) and strong screening (SS) are not precisely
dened , in an ion fluid one can dene them as follows:
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WES : Γij << 1; IMS : Γij  1; SS : Γij >> 1 (4)
In the WES regime where the Coulomb energy is small compared to the thermal kinetic
energy, the number densities can be expanded so that:












By substituting (5) into Eq.(1) we obtain for large r:







Z2i ni + nee
!
(7)
where rD is the Debye-Hu¨ckel radius and e is the electron degeneracy factor. The solution










It is now obvious that the assumption Γij << 1 of the WES regime for the proton-atom
reaction channel between the test nuclei Z2e and the generators of the above potential, i.e.





The above condition has generated a lot of controversy in the study of solar fusion cross
sections as it is violated for solar nuclear reactions with Z1Z2 larger than unity.
Although the Debye-Hu¨ckel potential has been used extensively in the study of stellar
plasma it has some inherent inadequacies.. An interesting fact is that according to the
above model for small r the ion density now vanishes while the electron density diverges.
By noting this, Mitler [3] assumed the above model to be valid only beyond some radius r1
while for shorter distances he assumed the that the electron density around the nucleus is
constant and equal to the mean electron density in the plasma, ne (1).
However this is also an oversimplication, especially for the heavier nuclei of astrophysi-
cal interest where it underestimates the electron charge density around the ion. For instance
near a Be7 nucleus in central solar conditions we have a density , roughly 3:8ene (1) .
Moreover, the model in question is forced to undergo another compromise when cal-
culating the thermalized cross section hviscwhich appears in the screened reaction rate
between nuclei i and j :
rscij = (1 + ij)
−1 ninj hvisc (10)
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where ni; nj are the number densities of nuclei i and j respectively, and ij is the Kronecker
delta. As the WKB integral involved cannot be found analytically, we inevitably resort to
a linear approximation of potential (8) , that is :







If we don’t resort to that approximation and take into account non-linearities [9] of the



















where the screening correction factor f0 which is now evaluated at the most probable energy
of the screened interaction, is given by:
ln f0 (E
sc
0 ) = xn (E
sc
0 ) (13)













where  (x) :























Note that the most probable energy of interaction is now:








2=3 (x) keV (17)
where A is the reduced mass of the scattering nuclei in amu:
The above formulae take into account non-linear screening eects of the DH potential
and were shown to add a negligible contribution to Salpeter’s WES prescription.. How-
ever, whenever the WES condition is challenged one should always investigate non-linear
corrections as will be shown in the study that follows.
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III. QUALITATIVE STUDY OF SCREENING DEFORMATIONS
In the adiabatic model the target and the projectile nuclei are assumed to be surrounded
by a static, spherical electron cloud, whose electron charge density falls o exponentially
with respect to the distance from the center of the cloud which is the nucleus itself. In
central solar conditions the mean ion velocity huii = (8kT=)1=2 is roughly [4] two hundred
times smaller than the mean electron velocity p2e=2me ’ (3=2) kT thus justifying the fact
that as the nucleus moves the electron cloud has enough time to re-arrange itself so that
it practically screens the nucleus at all times. However oscillations of the ionic cloud are
inevitable due to their speed which is much lower than that of the electrons. For the main
sequence stars Mitler [3] showed that the distortion of the common charge clouds has only
a small eect on the screening calculations ( 2%) :
However, the possible presence of a strong magnetic eld is bound to cause substantial
deformations of the electron cloud by compressing it both parallel and perpendicular to the
eld direction. Therefore treating the screening cloud as a rigid (albeit inhomogeneous)
sphere is an assumption which must by further investigated, especially when primordial
magnetic elds are considered.
Studies of heavy nuclei fusion reactions have shown that theoretical predictions of cross
section can be greatly improved [10] by assuming rotations and deformations of the fusing
nuclei. It is therefore plausible to consider similar eects in the study of screened thermonu-
clear reactions where the electron cloud is assumed to be deformed. In fact this deformation
can be parametrized in the framework of the liquid-drop model so that the Debye-Hu¨ckel
radius is considered a measure of the electron cloud. The deformed DH radius is now:














D ; takes care of volume conservation and Y
m
2 is the usual spherical harmonic func-
tion. For simplicity and reasons that will soon become clear only quadrupole deformations
will be considered. Moreover, we assume that the deformation is axially symmetric and
take the z axis along the axis of symmetry. Disregarding the rotational degree of freedom
we obtain the surface shape




1 + Y 02 (cos )
i
(19)
where the angle  is measured from the axis of symmetry i.e. the z axis.













where rD is given by Eq.(7) :




















D () ’ r(0)D (−) :
Therefore for acceptable values of the free parameter  the orientation dependent radius
is related to the DH radius rD of the undeformed electron cloud by means of:

















3 cos2  − 1
35 (22)
The two principal semi-axes of the spheroid cloud are now:
A single axis, parallel to the z-axis:










































The parameter  is actually a measure of the cloud deformation as it is related to the














For  > 0 the single axis is larger than the double axis and the cloud is a prolate
spheroid, that is cigar-shaped.. For  < 0 the single axis is smaller than the double axis
and the cloud is an oblate spheroid i.e. disk-shaped..
Note that the weak screening approximation restricts the possible values of : A reason-











Therefore , for all orientations, the following inequality must hold :
−0:8    0:8 (28)
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where we have disregarded the contribution of volume conservation which is always less than
5%. The deformation parameter can now take all the above values without violating the
WES condition (9) , thus rendering the use of the deformed screening formalism legitimate.
If we take into account the nuclear potential VN (r) then the total potential of the
reaction is
V (r; ; ) = VN (r) + VD (r; ; ) +
h2
2r2
l (l + 1) (29)
where the centrifugal term is assumed to be independent of the orientation. This assumption
is immaterial here as we will only consider very low-energy reactions where s-interactions
dominate. In that case the orientation dependent cross section of the nuclear fusion reaction
is given by:
 (E; ; ) =
S (E)
E
P (E; ; ) (30)
where









VD (r; ; )− Edr
#
(31)
and rc (; ) is the classical turning point given by
VD (rc; ; ) = E (32)
We can now apply the non-linear screening formalism described in the introduction, bearing
in mind that the quantity x given by Eq.(14) is now orientation dependent, x (; ), and so
is the classical turning point




Moreover, since the parameter  () depends on the angle at which the projectile enters the
electron cloud the Gamow peak is shifted too so that:








2=3 (x (; )) keV (34)
Finally the reaction rates of Eq.(10) are modied through the screening factor which now
reads
ln f0 (; ) = x (; )n (E
sc
0 (; )) (35)
Note that the influence of the angle  on the thermonuclear reaction is introduced
through the solution of Eq.(15) which yields an angle dependent x (; ) : The rest of the
non-linear screening formalism remains intact.
The thermonuclear reaction which can be studied safely by means of the above formal-
ism is the one that dominates the solar neutrino production namely: H1 (p; e+e) H
2: For
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that reaction, in the undeformed weak screening case, it turns out that in the region of
the maximum energy production R = 0:09R the Gamow peak is E0 = 5:599 keV , the
classical turning point is roughly rc = 0:01rD , while the WES enhancement factor is to
good approximation: fwes0 = 1:049:
Actually, non-linear screening correction can now relax. Along the whole prole of
orientations and  parameters the contribution of higher order terms to the shifts of the
screening corrections and the Gamow peak has been found negligible. Hence, screening
deformation eects can be simply represented by Salpeter’s [1] WES formula






where the DH radius rD () is now orientation dependent. Finally we obtain:




where g (; ) is the ratio rD (; ) =rD:

















3 cos2  − 1
35 (38)
In Fig.1 the orientation dependent DH radius rD (; ), measured in units of rD; is
plotted in cartesian coordinates with respect to the azimuthal angle  and the deformation
parameter  . The eect is calculated for the pp reaction in the region of the maximum
energy production R = 0:09R where rD = 25719fm: It is obvious that along the axis
of symmetry of the cloud, z-axis ( = 0) ; a positive  parameter "stretches out" the ionic
cloud (a prolate spheroid shape) while a negative  parameter "sucks in" the cloud (an
oblate spheroid shape). As one would expect, for both positive and negative parameters
the larger the absolute value of  the more pronounced the deformation.
An equally enlightening picture of the catalytic influence of screening deformations
on the pp reactions is obtained through Fig.2 which describes the same eect in polar
coordinates. Note that both Fig.1 and Fig.2 actually represent the deformation factor
g (; ) while the corresponding classical turning point is rc = 261g (; ) fm: For example
for a  = 0:8 deformation a proton cruising along the z-axis in the plasma with an energy
equal to the Gamow peak E0 = 5:56 keV will come up against the potential wall at
a distance roughly 1:43 times further than in the undeformed case (rc = 261fm), that is
rc ( = 0;  = 0:8) = 373fm. On the other hand for a  = −0:8 the classical turning point is
reduced to rc ( = 0;  = −0:8) = 123fm: Note that both Fig.1 and Fig.2 actually represent
the deformation factor g (; ) while the classical turning point is rc = 261g (; ) fm:
The screened Coulomb potential V (r; ; ) can be visualized by means of Fig.3 where we
have plotted in polar coordinates the deformed shapes of the potential at a distance r = rD
from the origin. At that distance the potential contours VD (rD; ; ) of Fig.3 are only a
function of the orientation. Hence, as a proton enters the ionic cloud of the Hydrogen atom
on its way to fusion, according to the angle at which it enters the cloud it will experience
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a dierent (thicker or thinner) potential wall . The thicker the wall, the most improbable
the reaction and of course the smaller the reaction rate.
The orientation dependent acceleration of the reaction is displayed in Fig.4. where
the screening factor is plotted with respect to the azimuthal angle and the deformation
parameter for the pp reaction at R = 0:09R. The reaction rate can be 1:1 times faster if
the proton enters a disk-shaped cloud ( = −0:8) at zero angle. On the other hand a much
slower reaction is obtained for a cigar-shaped ionic cloud (almost no enhancement at all for
 = 0:8).
The impact of screening deformation on the neutrino fluxes will be discussed in a more
quantitative way in the section that follows.
IV. QUANTITATIVE STUDY OF MAGNETICALLY INDUCED SCREENING
DEFORMATIONS
The investigation in the previous section would be purely academic if there was not a
mechanism that can induce screening deformations such as a strong magnetic eld.
In the previous section the eects of screening deformations were studied in the frame-
work of the liquid-drop model without analyzing the source of the deformation. Naturally,
the most plausible source of deformations is a strong magnetic eld. Two very success-
ful methods for studying magnetized proton-proton fusion reactions is the Hartree-Fock
approximation [11] [12] and the adiabatic approximation [13] [14], the latter being briefly
reviewed here.









where m is the mass of the nucleus assumed to be innite, B is the magnetic eld and 
is the magnetic moment. In the above equation the vector potential A is included in the
momentum operator:
p = −ihr− (e=c)A (40)
To simplify the problem we usually choose a magnetic eld along the z axis of the frame of
reference whose origin coincides with the center of the nucleus. Moreover, we choose such





Under those assumptions the Schroedinger equation for the ground state of the hydrogen

















Ψnm0 = Enm0Ψnm0 (42)
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In the above equation we have assumed that the electron spins are antiparallel to the eld
and we therefore ignore the spin degree of freedom.
In the absence of a Coulomb eld the electron motion perpendicular to a uniform mag-
netic eld is quantized into Landau orbits . The radius of the lower orbit is called cyclotron
radius and is dened as:
b = s hcjejB = b−1=2a0 (43)





= 11:57B12 (keV ) (44)
where B12 is the magnetic eld measured in units of 10
12G: Moreover, the higher Landau
levels which are actually electron distribution maxima are given by:
m = (2m + 1)
1=2 b (45)
If the eld is suciently strong so that:
Ze2b << h! (46)
then the adiabatic approximation can be employed where the Coulomb potential can be
treated as a perturbation to the unmagnetized problem. In that approximation the ground
state solutions (n = 0; l = 0; m = 0) of the Schroedinger equation are given as:
Ψ (; ; z) = R (; ) Z (z) (47)
where R (; ) are the usual Landau functions [15] and Z (z) a function to be determined.
In a relatively recent work a variational method was employed for the study of proton-
proton fusion reactions in the surface of neutron stars where it is widely believed that a
superstrong magnetic eld of the order of 1012G exists [16]. Under such extreme conditions
the electron-screening cloud is deformed in the sense that it becomes compressed perpendic-
ular and parallel to the magnetic eld. That work [13] using a gravitational analog yielded
a screening potential for the strongly magnetized Hydrogen atom:



















The natural length unit in the above formula is of course the cyclotron radius so that
 = =b; z = z=b , and  is a parameter to be determined by the variational method. The
above formula was shown to be reliable for very strong elds whereas it becomes inaccurate
below the threshold of the intense magnetic eld regime given by:
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BIMF = 4:7 109G: (49)
By means of the above potential , we will attempt to investigate the eects of magnetically
induced screening deformations on the solar proton-proton fusion reaction and the solar
neutrino problem.
Let us assume that a eld of B = 4:71010G exists in the solar energy production region.
This eld would generate a screening potential according to the above model. Therefore
according to the formalism analyzed in the qualitative study of deformations the cross
section will be given by (30) while the potential energy of the proton-proton interaction is:
V (r; ) =
e2br −  (r sin ; r cos ) (50)
where r = r=b:
The classical turning point rc (E; ) in units of the cyclotron radius b will now be given
by the equation:
e2brc −  (rc sin ; rc cos )− E = 0 (51)
where E is the interaction energy of the proton-proton reaction.
The penetration factor is now:








− e (r sin ; r cos )− eEdr
35 (52)
where e and eE the screening and interaction energies respectively, measured in units of the
cyclotron energy (e2=b) : If we use the numerical values that correspond to the parameters
in the above formula we obtain:






− e (r sin ; r cos )− eEdr
35 (53)
which corrects the numerical coecient of the Eq.(44) in ref. [13]: Note that if the coecient
19:05 is used then all the numerical calculation of ref. [13] are recovered, so that must
only be a misprint. To gain an idea of the enhancement of the pp reaction caused by
the presence of the above magnetic eld we can use the penetration factor which actually
represents the probability that the reaction will occur. For the unmagnetized unscreened
case at R = 0:09R we have ln P NOSB=0 = −9:43 ;while for the magnetic eld considered the
probability is ln PB = −9:41: This seemingly unimportant dierence will turn out to be
capable of perturbing the neutrino fluxes.
















− e (r sin ; r cos )− eEdr
35 dE (54)
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In the unmagnetized case the screening factor is evaluated at the most probable energy
of interaction E0; which is given by Eq.(17) : A crucial issue is the determination of the
energy at which the integral will be evaluated. This energy will of course determine the
classical turning point rc (E; ) and is certain to be lower than the one given by Eq(17)
due to the presence of the screening potential which lowers the barrier. By using various
most probable interaction energies , including that of the unmagnetized case, we obtain the
following table:
Table I here
In order to obtain the screening factor we have to numerically integrate the integral in
Eq.(54) which is bound to introduce inaccuracies. Instead we resort to a simpler method
which will yield an analytic formula. Studying the variation of the screened and unscreened
potential energies with respect to distance (see Fig.5) some very interesting results appear,
which are veried by the tabulated results (Table I) of the numerical solution of Eq. (51).
For most reasonable interaction energies the classical turning point is only slightly displaced
and it is always much lower than the distance r = b=2: As it was pointed out [13] the
screening potential energy of Eq.(48) for distances shorter than b=2 can be approximated
by its value at the center of the cloud:









2 − 1 (55)
Consequently, for the weakly magnetized proton-proton solar reaction considered we can
assume that the Coulomb potential energy e2=r is displaced by  (0; 0) instead of the
usual e2=rD quantity of the Debye-Hu¨ckel model. It is now easy to derive the screening
(accelerating) factor of the pp reaction. According to Salpeter’s approach [1] (see also ref.
[17]) for an energy independent screening term the screened reaction rate between two




kT P (E +  (0; 0)) nuc (E +  (0; 0)) dE (56)
where the cross section  (E) has been written as the product of the penetration factor
























0 −  (0; 0)
1=2 ’ E 01=2 and the lower limit can be extended to zero. For example
for the magnetic eld considered here =2 (0; 0) = 0:075keV while for the unmagnetized
case the Debye-Hu¨ckel screening term is e2=rD = 0:056 keV and the corresponding most
eective interaction energy is E0 = 5:6keV: Hence, the magnetically catalyzed screened














Some comments on the accuracy of the above formula are necessary here. The potential
 (0; 0) was derived by using a probability density whose accuracy has been pointed out in
ref. [13]: In fact for the eld considered that density produced ground state binding energies
5% smaller than the more accurate ones produced by Ruder et al [18]. This error must be
taken into account when using the magnetic screening factor fB: For example if we naively
assume that this error propagates through our calculations intact then  (0; 0) should
carry a similar error and the corrected magnetized screening factor should be:
fB = exp
 




Note that the most eective energy of interaction is insensitive to such a small energy shift
as  (0:0) and is still be given by Eq.(17) :
V. MAGNETICALLY CATALYZED SOLAR NEUTRINO FLUXES.
In the solar region of maximum energy production (R=R = 0:09) the thermal kinetic
energy is kT = 1:161keV while for the pp reaction the unmagnetized screening factor is
f0 = 1:049: On the other hand for the magnetic eld considered the magnetized screening
factor is fB = 1:067  0:003: This corresponds to an acceleration of the (unmagnetized)
weakly screened pp reaction by roughly 1:7% which in turn reflects on the magnetized cross-
section factor given by SB = fBS: As the principal source of energy in the Sun is the pp
reaction this acceleration would influence both the solar structure and the neutrino fluxes by
reducing the central temperature and density in order to conserve luminosity. (An account
of what happens in the sun if the cross-section factor Spp increases can be found in ref.
[19]):
Although the magnetically induced deformation assumed here is spherical we can still
relate it to the qualitative study of xIII by observing that a similar deformation is caused
along the z-axis for  ’ −0:4
In most solar evolution codes the pp screening factor is evaluated by means of Salpeter’s
formula which has been proved to be valid and accurate in standard conditions. In the
magnetized case the quantity fB should be used. The most proper way to study this factor
is to feed it into a solar evolution code and observe the new fluxes and the corresponding
Cl37 signal. At the moment such a code is unavailable to the author therefore in order
to obtain a picture of the uncertainties introduced due to the presence of such a strong
eld one should use the proportionality formulae [7] [20] which relate neutrino fluxes to
screening factors. In order to isolate the pp uncertainty, we will assume that except for the
pp reaction all the other neutrino-producing reactions remain unaected by the magnetic
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eld . Besides the adiabatic approximation breaks down for nuclei with Z > 1 and the eld
considered in this work because the (already abused) condition (46) is further violated.
For various solar fusion reactions the ratios of the magnetized neutrino fluxes m to the

























































According to the above results, the presence of a reasonably strong magnetic eld 
4:71010G; can perturb the solar neutrino fluxes calculated in the SSM by at least 5% for the
N; O and B8 neutrinos and by less than 1% for the less sensitive pp; hep;and B7neutrinos.:
Such a magnetic eld would also perturb the electron cloud around the heavier nuclei
involved in neutrino production, thus modifying their screening factors which we arbitrarily
considered constant here. However, a more ecient perturbation method should be used
for such reactions, one which would not be hampered by the choice of the trial function
used in ref. [13].
It is very tempting to investigate what happens if the magnetic eld is stronger. In
fact, for most reasonable interaction energies (see table I), formula (59) is also valid for
a eld of 4:7  1011G: In that case =3:79 (0; 0) = 0:167 keV so that the corresponding
screening factor is fB = 1:154: It is easy to show that with such a eld we can obtain
perturbations (reductions) of the SSM fluxes from the order of 9% (Be7) up to the order
of 22% (B8) : Adding the eects of the screening factors of the other reactions, which have
been disregarded so far, the uncertainties can be dramatic. It seems therefore that the
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presence of a superstrong magnetic eld in the sun can tune the predicted neutrino fluxes
in order to reduce the observed decit.
Admittedly such a superstrong eld cannot be easily justied. After the disheartening
result [6] that the presence of a strong magnetic ( 109G) in the solar interior increases the
predicted neutrino fluxes (doubles the Cl37 signal by increasing the pressure gradient in the
sun) few investigators have looked into the matter. This is largely due to some additional
arguments which indicate the non-existence of a eld larger than 109G: Such arguments
include the limiting strength set by Chandrasekhar and Fermi [22], stability reasons [23]
and magnetic buoyancy [24], though there is a very interesting work [8] which argues that a
combination of a dierential rotation and magnetic eld can reduce the Cl37 signal opposing
the results of ref. [6]
From the present work it is obvious that if a substantial correction to the solar neutrino
fluxes is to be made by means of magnetically catalyzed thermonuclear fusion, the magnetic
eld required must be stronger than 1010G: Such a eld can have been formed by the
interstellar magnetic eld which was frozen into the matter out of which the sun was
formed, or there may be an unspecied mechanism of continuous generation.
VI. CONCLUSIONS
In this work we investigate the response of the proton-proton reaction to electron-ion
screening deformations in the solar plasma. Those deformations are qualitatively studied
in the framework of the Debye-Hu¨ckel model and the results show that they can induce an
orientation-dependent thermalized cross section which causes the solar neutrino fluxes to
be orientation-dependent themselves..
A strong magnetic eld is suggested as a plausible source of screening deformations and
an analytic (magnetic) screening factor is obtained which can be used in order to evaluate
both the magnetic acceleration of the pp reaction and the corresponding magnetically cat-
alyzed solar neutrino fluxes. In such a non-standard solar model a eld of B = 4:7 1010G
accelerates the pp reaction by roughly 1:7% while the standard solar model neutrino fluxes
undergo a correction of  5% (N; O; B8) and  2% (Be7), respectively. If stronger elds
are considered the uncertainties become more dramatic.
Although such a strong eld cannot be easily justied, it seems that its role in the solar
neutrino puzzle should be further investigated, especially with regard to its eect on solar
nuclear reactions.
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The variation of the orientation dependent DH radius rD (; ), measured in units of
rD; with respect to the azimuthal angle  and the deformation parameter  in cartesian
coordinates. The eect is calculated for the pp reaction in the region of the maximum
energy production R = 0:09R where rD = 25719fm
Figure 2.
The variation of the orientation dependent DH radius rD (; ), measured in units of rD;
with respect to the azimuthal angle  and the deformation parameter  in polar coordinates.
The eect is calculated for the pp reaction in the region of the maximum energy production
R = 0:09R where rD = 25719fm:
Figure 3.
The orientation dependent DH potential VD (r; ; ) ; measured in units of the screening
term of Eq.(27), at a distance r = rD with respect to the azimuthal angle  and the
deformation parameter  in polar coordinates. The eect is calculated for the pp reaction





The variation of the orientation dependent screening factor fB (; ) with respect to
the azimuthal angle  and the deformation parameter  in polar coordinates. The eect is
calculated for the pp reaction in the region of the maximum energy production R = 0:09R
where rD = 25719fm:
Figure 5.
The potential energies measured in units of (e2=b) ;with respect to the distance u (in
units of b) between the two colliding protons. The dotted line indicates the screening term
 (u; ), the dashed line the unscreened Coulomb potential energy (1=u) and the solid line
their dierence which is the actual screened potential energy of the reaction.
18
TABLES
Table I . The magnetized (rc) and unmagnetized (rc) classical turning points for various
interaction energies . For the magnetic eld considered (4:7 1010G) the cyclotron radius
is b = 11627fm and the corresponding Coulomb energy is e2=b =0:123 keV:
E (keV ) 5:5 4:5 3:5 2:5 1:5 0:5eE (e2=b) 44:7 36:58 28:45 20:32 12:19 4:0
rc (b) 0:022 0:026 0:034 0:047 0:078 0:214
rc (fm) 256 302 395 546 907 2523
rc (fm) 261 320 411 576 960 2880
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